Iron-sulfur (Fe-S) proteins play crucial roles in plastids, participating in photosynthesis and other metabolic pathways. Fe-S clusters are thought to be assembled on a scaffold complex composed of SUFB, SUFC and SUFD proteins. However, several additional proteins provide putative scaffold functions in plastids, and, therefore, the contribution of SUFB, C and D proteins to overall Fe-S assembly still remains unclear. In order to gain insights regarding Fe-S cluster biosynthesis in plastids, we analyzed the complex composed of SUFB, C and D in Arabidopsis by blue native-polyacrylamide gel electrophoresis. Using this approach, a major complex of 170 kDa containing all subunits was detected, indicating that these proteins constitute a SUFBC 2 D complex similar to their well characterized bacterial counterparts. The functional effects of SUFB, SUFC or SUFD depletion were analyzed using an inducible RNAi silencing system to specifically target the aforementioned components; resulting in a decrease of various plastidic Fe-S proteins including the PsaA/B and PsaC subunits of photosystem I, ferredoxin and glutamine oxoglutarate aminotransferase. In contrast, the knockout of potential Fe-S scaffold proteins, NFU2 and HCF101, resulted in a specific decrease in the PsaA/B and PsaC levels. These results indicate that the functions of SUFB, SUFC and SUFD for Fe-S cluster biosynthesis cannot be replaced by other scaffold proteins and that SUFBC 2 D, NFU2 and HCF101 are involved in the same pathway for the biogenesis of PSI. Taken together, our results provide in vivo evidence supporting the hypothesis that SUFBC 2 D is the major, and possibly sole scaffold in plastids.
INTRODUCTION
Iron-sulfur (Fe-S) clusters are ancient and essential cofactors of proteins that function in numerous vital biological processes of life, such as respiration and photosynthesis (Sheftel et al., 2010; Balk and Pilon, 2011) . Fe-S clusters are usually ligated to proteins through amino acid side chains such as those found on Cys, His, Arg or Glu residues. There are several major types of Fe-S clusters that are localized in plastids. [4Fe-4S] and ferredoxin-type clusters are the most common and are found in many plant proteins including the PsaA/B and PsaC subunits of photosystem (PS) I, and ferredoxin, respectively. These types of Fe-S clusters are coordinated by four Cys residues. clusters are coordinated by two His and two Cys residues and are found, for example, in the Rieske protein of the cytochrome b 6 /f complex, which is encoded by the PetC gene. Ferredoxin-dependent glutamine oxoglutarate aminotransferase (Fd-GOGAT) binds a [3Fe-4S] cluster, which is coordinated by three Cys residues (Balk and Pilon, 2011; Couturier et al., 2013) .
Fe-S proteins assembly is not a spontaneous process in vivo. In general, the biogenesis of Fe-S proteins proceeds in a few common steps. First, cysteine desulfurase releases the S atom from Cys and the S is transferred to a scaffold protein/complex. This protein/complex accepts Fe from an unidentified component and forms a Fe-S cluster. Subsequently, the cluster is delivered to apoproteins with the help of carrier proteins. Some carrier proteins are capable of transferring various types of clusters and others may be specific for a certain type of Fe-S cluster (for reviews, see Balk and Pilon, 2011; Couturier et al., 2013) .
Several biogenesis systems for Fe-S proteins have been identified in bacteria and eukaryotes (for reviews, see Lill, 2009; Balk and Pilon, 2011; Couturier et al., 2013) . The ironsulfur cluster (ISC) system, which is composed of seven components, was first described in bacteria including Azotobacter vinelandii and E. coli (Johnson et al., 2005) . Plant mitochondria also possess this system Balk and Schaedler, 2014) . The cytosolic iron-sulfur cluster assembly (CIA) system is common in eukaryotes including yeast, mammals and plants. Bacteria belonging to several different phyla, including c-proteobacteria and cyanobacteria, contain the SUF system. In E. coli, the SUF system is composed of six protein components. This system includes SUFA-D, SUFS (which possesses cysteine desulfurase activity), and SUFE which is an activator of SUFS. SUFB, SUFC and SUFD form a protein complex with a stoichiometry of 1:2:1 and function as a scaffold for Fe-S cluster assembly (Nachin et al., 2003; Outten et al., 2003; Layer et al., 2007; Saini et al., 2010; Hirabayashi et al., 2015) . SUFA acts as a carrier protein that transfers Fe-S clusters from the scaffold complex to apoproteins (Wollers et al., 2010) . In many cases, a carrier protein possesses a scaffold-like activity to build and transfer Fe-S clusters . Accordingly, the distinction between scaffold and carrier proteins is sometimes unclear.
In plastids, several proteins have been suggested as being involved in Fe-S cluster biogenesis. In particular, the plastid SUF system is thought to play a central role in this organelle. The plant genome contains a complete set of SUF homologues. The functionality of each SUF protein has been tested by several different methods in vitro and/ or in vivo. SUFS (also termed CpNifS or NFS2) shows cysteine desulfurase activity in vitro (Ye et al., 2005) . Suppression of the SUFS gene expression using RNAi resulted in the decrease of various plastidic Fe-S proteins and impaired photosynthesis and carbon dioxide assimilation, indicating that this protein is essential for Fe-S biogenesis in plastids (Van Hoewyk et al., 2007) . Arabidopsis SUFE forms a heterotetrameric complex with SUFS, stimulating its cysteine desulfurase activity in vitro (Ye et al., 2006) . This protein is also essential as shown by the lethal phenotype of knockout mutants of the SUFE gene (Xu and Møl-ler, 2006; Murthy et al., 2007) . Collectively, these results indicate that plant SUFS-SUFE functions as an essential desulfurase complex, in accordance to bacteria.
The plant SUFB, SUFC and SUFD proteins are suggested to form a scaffold for Fe-S cluster biogenesis. To function as a scaffold, it would be essential that SUFB, SUFC and SUFD form a complex similar to their bacterial counterparts. Bimolecular fluorescence complementation and yeast two-hybrid assay analyses have confirmed specific interaction between SUFB and SUFC, as well as SUFC and SUFD (Xu and Møller, 2004; Xu et al., 2005) . Furthermore, Arabidopsis SUFB and SUFC partially rescue the SUFB and SUFC mutations in E. coli, respectively (Xu and Møller, 2004; Xu et al., 2005) . These observations indicate that plant SUFB, SUFC and SUFD function in a manner similar to their bacterial counterparts. Nevertheless, experimental evidence is lacking to confirm whether the plant SUFB, SUFC and SUFD proteins form a scaffold complex that is structurally similar to the bacterial SUFBC 2 D complex. Due to structural differences, it is possible that the function of SUFB in plants is slightly different from its bacterial counterpart. Specifically, the plant SUFB contains an ATPase domain, which is lacking in bacterial SUFB (Xu et al., 2005) . In addition, the expression profiles of the plant SUFB, SUFC and SUFD are different (Xu et al., 2005; Liang et al., 2014; http://bbc.botany.utoronto.ca/) , suggesting the possibility that they do not always work as a complex and their functions are dissimilar. Based upon these observations, it remains possible that the plant proteins function in a different mode from their bacterial counterparts. Moreover, the roles of the putative SUFB-C-D complex in plastid Fe-S biogenesis and, in particular, their contribution to photosynthesis, are not well understood. This lack of clarity regarding their function is primarily due to the fact that mutants lacking SUFB, SUFC or SUFD fail to grow beyond the embryonic stage and are unable to be analyzed for their roles in overall Fe-S biogenesis in plastids (Xu and Møller, 2004; Hjorth et al., 2005; Nagane et al., 2010; Balk and Pilon, 2011) . In contrast, the SUF system is only required for Fe-S biogenesis and repair in E. coli that are grown under iron starvation or oxidative stress conditions (Outten et al., 2003) . Two weak alleles of SUFB mutants have been previously reported. One allele, laf6, contains a transposon insertion in the upstream untranslated region of the SUFB gene (Møller et al., 2001) , resulting in decreased SUFB expression in this mutant. In the other SUFB allele, a base substitution results in a replacement of a conserved proline to leucine within the SUFB amino acid sequence (Nagane et al., 2010) . Both mutants show less accumulation of chlorophyll in leaves, but no obvious decrease in Fe-S protein levels has been observed. Likewise, an Agrobacterium-mediated T-DNA insertion resulted in decreased expression of SUFD in an Arabidopsis mutant, but its effects on Fe-S protein levels remain unclear (Hjorth et al., 2005) . Therefore, in order to improve our knowledge about the role of SUF scaffold proteins in plastids, analysis of non-lethal knockdown mutants for these proteins is required, as indicated by Couturier et al. (2013) .
The plant SUFA protein shows sequence similarity to both bacterial SUFA and ISCA. It also shows an ability to bind [2Fe-2S] clusters, indicating that this protein most likely functions as a carrier similar to its bacterial counterpart. However, the absence of this protein does not result in any observable phenotypic changes in Arabidopsis (Yabe and Nakai, 2006) and therefore its role in planta is unclear at this time. It is possible that plastids contain several other Fe-S carrier proteins, some of which may function to compensate for the loss of SUFA protein.
In addition to the SUFBCD complex, several other proteins, including glutaredoxin (Grx) S14, GrxS16, NFU2 and HCF101, have been proposed to function as potential Fe-S scaffolds in plastids (Cheng et al., 2006; Bandyopadhyay et al., 2008) . NFU2 contains a domain that is similar to the C-terminal domain of NIFU of Azotobacter vinelandii, which functions as a scaffold for NIFSmediated Fe-S clusters assembly (Yuvaniyama et al., 2000) . Furthermore, plant NFU2 is capable of assembling [2Fe-2S] and [4Fe-4S] clusters and transferring them to apo-ferredoxin, GrxS16 or adenosine 5 0 -phosphosulfate reductase (Yabe et al., 2004; Gao et al., 2013) . It was also reported that NFU2 is required for both PSI [4Fe-4S] cluster and ferredoxin [2Fe-2S] cluster assembly in vivo (Yabe et al., 2004) . Taken together, NFU2 is proposed to function as a scaffold for Fe-S assembly in plastids (Yabe et al., 2004; Balk and Pilon, 2011; Liang et al., 2014) . Plastidic HCF101 is homologous to NBP35, which is the proposed scaffold protein of the CIA pathway (Bych et al., 2008; Balk and Schaedler, 2014 
RESULTS

Formation of the SUFBC 2 D complex in chloroplasts
In bacteria, SUFB, SUFC and SUFD form a complex with a 1:2:1 stoichiometry and this complex functions as a scaffold for Fe-S cluster assembly (Wollers et al., 2010) . In order to determine if the plant proteins form a similar complex, soluble protein extracts from mature leaves of wildtype (WT) Arabidopsis were analyzed by two-dimensional BN-PAGE/SDS-PAGE and immunodetection with anti-SUFB, anti-SUFC and anti-SUFD antisera ( Figure S1 ). Anti-SUFB and anti-SUFC antisera detected protein complexes with approximate sizes of 170 kDa and 100 kDa, but the signal using the anti-SUFC antiserum was barely detected in WT leaf protein extracts ( Figure S1 ). Therefore, in order to obtain sufficient amounts of the SUF complex for immunological detection, recombinant SUFB fused with a FLAG octapeptide tag and SUFC fused with a hemagglutinin (HA) tag were overexpressed in WT Arabidopsis under the control of the cauliflower mosaic virus 35S promoter. As shown in Figure 1 (a) SUFC and SUFD increased in abundance in response to the elevated SUFB-FLAG levels in the SUFB-FLAG overexpressor. In contrast, the overexpression of SUFC-HA did not increase SUFB and SUFD levels to an equivalent amount in the SUFC-HA overexpressed plants (Figure 1a ). These results indicate that the protein levels of SUFB, SUFC and SUFD proteins are coregulated to some extent, suggesting that complex formation stabilizes these proteins. It is notable that SUFC-HA can accumulate in the excess of the other subunits. It is possible that the addition of an HA tag stabilizes this
Blue Native PAGE protein, or that SUFC has a slower turnover rate compared with the other subunits. We next extracted soluble proteins from mature leaves of SUFB-FLAG overexpressing transgenic plants and analyzed them by two-dimensional non-denaturing BN-PAGE/ SDS-PAGE, followed by immunodetection with anti-SUFB, anti-SUFC and anti-SUFD antisera (Figure 1b) . If plant SUFB-FLAG (about 60 kDa), SUFC (about 30 kDa) and SUFD (about 50 kDa) proteins form a complex with a 1:2:1 stoichiometry similar to bacterial SUF proteins, the size of the complex should be approximately 170 kDa. As shown in Figure 1 (b), both anti-SUFB and anti-SUFD antisera detected two spots at~170 kDa and~110 kDa, while the anti-SUFC antiserum also detected two spots: the~170 kDa spot and another at a lower molecular mass (<66 kDa). We suggest that the 170 kDa spot corresponds to the SUFBC 2 D complex, since this molecular size is as predicted for this complex. It would be reasonable to assign the 110 kDa spots, which were detected with anti-SUFB and anti-SUFD antisera, to a SUFBD complex because the molecular size matches the sum of SUFB-FLAG and SUFD. This complex was not detected with anti-SUFC antiserum, which instead detected a spot with a size less than 66 kDa, most likely corresponding to a homodimer. Taken together, we conclude that, similar to its bacterial counterpart, the major SUF complex in plants is SUFBC 2 D. At the present time, it is not clear whether the (putative) SUFBD complex exists in vivo, or if it appeared as a consequence of partial dissociation of the SUFBC 2 D complex during BN-PAGE analysis.
SUFB, SUFD and SUFC-silenced plants have decreased chlorophyll levels
It was previously reported that knockout lines for SUFB, SUFD and SUFC cannot survive beyond the embryonic stage (Xu and Møller, 2004; Hjorth et al., 2005; Nagane et al., 2010) . Therefore, we used a chemically-inducible knockdown system to suppress the synthesis of SUFB, SUFD or SUFC in mature leaves in order to examine the effects of their depletion on the synthesis of plastidic Fe-S proteins. It is possible that a complementary sequence also non-specifically interacts with an off-target mRNA sequence; leading to mis-interpretation of the phenotype. To overcome this potential problem, two separate RNAi sequences for each SUFB, SUFD and SUFC mRNA species were designed (Table S1 ). Each sequence was separately cloned into the pOpOff2(kan) vector (Wielopolska et al., 2005) containing a dexamethasone (Dex)-inducible promoter and all six constructs were introduced into WT Arabidopsis plants. More than 30 independent transgenic lines were obtained for each construct. After Dex induction, similar phenotypes were observed across the independent homozygous lines. Therefore, a single RNAi line from each respective transgene construct was selected for further analysis. As a result, for each of the SUFB, SUFD and SUFC genes, at least two silenced lines, each containing different RNAi constructs, were analyzed in detail.
Three-to 4-week-old WT and transgenic plants were sprayed with mock or 10 lM Dex solution and visible phenotypes were imaged every 2 days after Dex treatment ( Figure 2 ). When treated with the mock solution, the WT and transgenic plants were not distinguishable. However, after Dex treatment the SUFB-, SUFD-or SUFC-silenced lines all showed similar pale-green phenotypes, although the severity of the physiological symptoms was different. The developing leaves of the transgenic plants showed clear yellowing after 4 days of Dex treatment, indicating that SUFB, SUFD and SUFC expression is essential during de novo chlorophyll synthesis and normal chloroplast biogenesis. We confirmed that SUFB, SUFD and SUFC expression was specifically decreased in each transgenic plant ( Figure S2 ). Older leaves of transgenic plants that were already fully expanded prior to Dex treatment remained green throughout the course of the experiments, indicating that depletion of SUF proteins did not significantly affect chlorophyll turnover. Eleven days after Dex treatment, young green leaves began to re-emerge in the center of the rosette (Figures 2f and S3) , showing that the effects of Dex were confined to developing leaves at the time of Dex treatment.
The chlorophyll contents of the RNAi lines were analyzed by HPLC. Prior to Dex treatment, all plants showed similar chlorophyll contents and chlorophyll a/b ratios (Figure S4 ). Seven days after Dex treatment, the yellow leaves of the Dex-treated RNAi plants had at least 3-fold lower levels of chlorophyll with higher chlorophyll a/b ratios compared to WT and mock-treated transgenic leaves (Figure 3 ). An increase in chlorophyll a/b ratios is often observed under conditions in which chlorophyll synthesis is impaired . These results were in good accordance with previous studies on the two weak sufB mutants, SUFB-silenced lines of Nicotiana benthamiana and weak sufD mutants (Møller et al., 2001; Ahn et al., 2005; Hjorth et al., 2005; Nagane et al., 2010) . Collectively, our results indicate that certain steps of chlorophyll biosynthesis are down-regulated by the depletion of SUFB, SUFD or SUFC. In an accompanying paper (Hu et al., 2017) , we report detection of specific intermediates of chlorophyll biosynthesis in SUFB-deficient plants indicating that one of the enzymes in the chlorophyll biosynthesis pathway, Mg-protoporphyrin IX monomethylester cyclase, is impaired by loss of SUFB. (Figure 4a, b) . The protein levels for SUFB, SUFD and SUFC were decreased in all SUFB-, SUFD-or SUFC-silenced leaves, indicating an interdependence for the accumulation of SUFB, SUFD and SUFC proteins. These results are consistent with the observation that these proteins form a stable complex (Figure 1b) .
The PsaA/B and PsaC subunits of PSI, which hold three [4Fe-4S] clusters, were substantially decreased in all SUFB-, SUFD-and SUFC-silenced plants. In contrast, non-Fe-S subunits of photosystems that include the PSII core subunits (CP43 and CP47), and the peripheral light-harvesting antennae subunits of PSII (LHCII) and PSI (Lhca2), were only moderately decreased in the SUFB-, SUFD-and SUFC-silenced plants (Figure 4b ). The Rieske protein (alternatively called the PetC subunit) of the cytochrome b 6 f complex (Cytb 6 f), which binds a Rieske-type [2Fe-2S] cluster, was also decreased in all SUFB-, SUFD-and SUFCsilenced plants, but the abundance of the cytochrome b 6 subunit, which does not bind Fe-S clusters, was not affected. Ferredoxin, a predominant electron carrier in the stroma that contains a [2Fe-2S] cluster, was also decreased in all SUFB-, SUFD-and SUFC-silenced plants (Figure 4b ). These results indicate that Fe-S cluster containing complexes, or proteins, are specifically affected by the decrease in SUFB, SUFD and SUFC levels.
The protein level of 7-hydroxymethyl chlorophyll a reductase (HCAR), a [4Fe-4S] cluster containing protein which catalyzes the conversion of 7-hydroxymethyl chlorophyll a (HMChl) to chlorophyll a (a step of the chlorophyll cycle) (Meguro et al., 2011; Wang and Liu, 2016) , was also substantially decreased in all of the SUFB-, SUFD-and SUFC-silenced leaves (Figure 4b ). These results are consistent with a previous report showing that a SUFB missense mutation causes the accumulation of HMChl, the substrate of HCAR (Nagane et al., 2010) . Pheophorbide a oxygenase (PaO), which catalyzes an essential step in chlorophyll Moderate decrease of non-Fe-S photosynthetic protein levels in SUFB-, SUFD-and SUFC-silenced plants
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We hypothesized that the decrease in the proteins levels for LHC proteins was due to decreased chlorophyll synthesis in the RNAi plants rather than the direct effects of impaired Fe-S synthesis. To examine this hypothesis, we compared the levels of LHC proteins in SUFB-, SUFD-and SUFC-silenced plants on the basis of total chlorophyll contents. As shown in Figure 5 (a), the abundance of CP43 and CP47, two subunits of PSII lacking Fe-S clusters, were slightly increased in SUFB-, SUFD-and SUFC-silenced plants relative to WT and mock-treated plants while the levels of LHCII and Lhca2 did not appear to be affected on this basis. In contrast, PsaA/B and PsaC that contain Fe-S clusters showed a sharp decrease in SUFB-, SUFD-and SUFC-silenced plants relative to WT and mock-treated plants. These results support our hypothesis indicating that the apparent decrease in LHCII and Lhca2 observed on a protein basis (Figure 4b ) was mainly due to a decrease in the chlorophyll levels. It is often observed that a decrease in chlorophyll biosynthesis predominantly affects the levels of LHC compared with the chlorophyll-binding proteins of the core photosystem subunits . This most likely occurs since plants having a mechanism preferentially incorporating chlorophyll into the core photosystem subunits rather than peripheral LHC subunits, because LHC subunits are useless in terms of photosynthetic reactions without the core subunits . The results of the RNAi plants can be explained by assuming that the core subunits of PSI (CP1 and PsaC) were decreased due to impaired Fe-S biosynthesis, and LHC proteins were also decreased because of low chlorophyll biosynthesis. However, the core subunits of PSII (CP43 and CP47) were unaffected due to the preferential incorporation of chlorophyll into the core subunits. Consistent with this hypothesis, the levels of the two subunits of Cytb 6 f, PetC and Cytb6, increased when compared on a per chlorophyll basis in the SUFB-, SUFD-or SUFCsilenced leaves and CBB staining of the SDS-PAGE gel showed greater abundance of the Rubisco large subunit in the SUFB-, SUFD-or SUFC-silenced leaves, which can be attributed to the decrease in the levels of PSI and LHC (Figure 5a, b) . Thus, an increase in the Cytb 6 f levels per chlorophyll is common in chlorophyll-deficient mutants (e.g. Takabayashi et al., 2011) . Collectively, these results indicate that the observed decrease in photosynthetic proteins that do not bind Fe-S clusters but bind chlorophyll can be explained by the decrease in chlorophyll levels, while SUF silencing has a much stronger inhibitory effect on Fe-S containing proteins. These data are consistent with the hypothesis that the SUFBC 2 D complex provides Fe-S clusters to many apoproteins as a major Fe-S scaffold in the plastids.
Effects of SUFB, SUFD and SUFC knockdown on photosynthesis
To better understand the contribution of Fe-S cluster biogenesis to photosynthesis, we further analyzed the photosynthetic complexes in SUFB-, SUFD-and SUFC-silenced plants. Native forms of photosynthetic complexes were mildly solubilized by 1% a-dodecylmaltoside and resolved by blue native (BN)-PAGE (Figure 5b ). PSII-LHCII supercomplexes, PSI-LHCI complexes, and PSII dimers were substantially decreased in the SUFB-, SUFD-and SUFCsilenced plants. In contrast, the LHCII trimer was not affected, consistent with the immunoblotting results for LHCII ( Figure 5a ). PSII monomers and LHCII monomers both increased in SUFB-, SUFD-and SUFC-silenced plants, indicating that the structure of the photosynthetic complexes becomes less stable as a result of the silencing. We next measured low temperature (77 K) chlorophyll fluorescence emission spectra of leaves to gain insight into the structure of PSI and PSII, and to also estimate the energy transfer between these PSs. In comparison with WT and mock-treated transgenic plants, the amplitude of fluorescence peaks around 730 nm, which is contributed by PSI, were decreased and slightly shifted to shorter wavelengths in the Dex-induced yellow leaves of all transgenic plants (Figure 5c ). These results confirmed the findings of the chlorophyll analysis and immunoblotting experiments (Figures 3 and 4b) , revealing the larger impact of the SUFB, SUFD or SUFC silencing on PSI levels compared to PSII.
The maximal yield of PSII, which is estimated from a chlorophyll fluorescence parameter, Fv/Fm (see Kalaji et al., 2014 ; for a review on chlorophyll fluorescence), also decreased in the SUFB-, SUFD-and SUFC-silenced plants ( Figure 6 ). These observations are consistent with the decrease in the amount of photosynthetic complexes shown in the BN-PAGE analysis.
NFU2 and HCF101 are specifically involved in the biogenesis of the PsaA/B and PsaC subunits of PSI In our next line of investigation, we examined the contribution of SUFB, SUFD and SUFC to the biogenesis of Fe-S proteins in plastids in comparison to NFU2 and HCF101, which are also suggested to function as scaffolds for Fe-S assembly in plastids. Specifically, we analyzed the abundance of representative Fe-S proteins in the nfu2.1 and hcf101, which lack NFU2 and HCF101, respectively. early stage (7 days after sowing) on 1/2 MS agar plates (Figure 7a ). It should be noted that the phenotypes of the RNAi mutant plants were more severe at younger stages (see Figure 4) , which indicate that the requirements for the Fe-S biosynthesis machineries are greater in younger leaves and most likely reflect more active synthesis of Fe-S proteins in those leaves.
Under these conditions, Dex-treated SUFB-, SUFD-and SUFC-silenced plants became yellow, similar to those grown on soil, while the nfu2.1 and hcf101 were only slightly paler than WT (Figure 7a ). These results indicate that chlorophyll synthesis was more severely affected in the Dex-treated SUFB-, SUFD-and SUFC-silenced plants than in nfu2.1 and hcf101. Consistent with the results from 
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WT(-) plants grown on soil (Figure 4b ), immunoblotting showed that SUFB, SUFD and SUFC were all substantially decreased in the respective Dex-treated RNAi silenced seedlings ( Figure 7c ) on a total protein basis (Figure 7b ). In these plants, the NFU2 and HCF101 levels were only slightly decreased, indicating that the accumulation of NFU2 and HCF101 occurs independently of SUFB, SUFD or SUFC.
The abundance of the [4Fe-4S] proteins PsaA/B and PsaC, were decreased in both the SUFB-, SUFD-and SUFCsilenced plants and the nfu2.1 and hcf101. These results confirm that SUFB, SUFD, SUFC, NFU2 and HCF101 are all involved in the biogenesis of these PSI subunits, consistent with previous reports on NFU2 and HCF101 (Lezhneva et al., 2004; Touraine et al., 2004; Yabe et al., 2004) . However, it should be noted that the PsaA/B subunits were still detectable in the nuf2.1 and hcf101 mutants and PsaC can be detected in the nuf2.1 mutant; whereas these subunits were almost undetectable in the SUFB-, SUFD-and SUFCsilenced plants. These data show that NFU2 and HCF101 are not essential for the biogenesis of PsaA/B and that NFU2 is not required for the biogenesis of PsaC. In contrast, the contribution of SUFB, SUFD and SUFC to the biogenesis of PsaA/B and PsaC appear to be more significant.
The levels of other Fe-S proteins including PetC, FDX1, GOGAT, HCAR and PAO, and non-Fe-S photosynthetic proteins, including CP43, CP47, LHCII and Lhca2, were not noticeably altered in the nfu2.1 or hcf101 mutants. These data indicate that neither NFU2 nor HCF101 contribute to the biogenesis of these Fe-S proteins and non-Fe-S photosynthetic proteins examined in this study. In contrast, the SUFB-, SUFD-and SUFC-silenced plants decreased in both plastidic Fe-S proteins and chlorophyll-binding proteins (CP43, CP47, LHCII and Lhca2). As hypothesized above, the decrease in chlorophyll-binding protein levels in the SUFB-, SUFD-and SUFC-silenced plants is likely attributed to decreased chlorophyll biosynthesis. It is noted that the protein levels for Rubisco (Figure 7b ) and NOL ( Figure 7c) were not altered in the RNAi plants, nfu2.1 and hcf101, indicating that the SUF proteins, NFU2 and HCF101 do not contribute to the proteins that do not bind to either Fe-S proteins or chlorophyll.
DISCUSSION
To confirm the formation of the SUFBC 2 D complex in planta, we analyzed the native protein complexes containing SUFB, SUFC or SUFD proteins by BN-PAGE followed by 2D SDS-PAGE. We detected a protein complex containing all of the subunits showing a molecular mass (approximately170 kDa) that was equivalent to the expected size of the SUFBC 2 D complex (Figure 1b) . From its molecular size and subunit composition, we inferred that this complex was the SUFBC 2 D complex (Figure 1b) . In addition to this observation, additional lines of evidence exist to support this hypothesis. Firstly, similar yellow leaf phenotypes and a decrease of chloroplastic Fe-S proteins were observed in the silenced plants for each respective gene (Figures 2 and  4b) ; indicating the sharing of a similar function. Secondly, the accumulation of the SUFB, SUFC or SUFD subunits was interdependent with the loss of one subunit affecting accumulation of the others (Figure 4b ), while the mRNA levels for SUFB, SUFC and SUFD were not dependent on each other ( Figure S2 ). Conversely, overexpression of SUFB-FLAG or SUFC-HA overexpression lines resulted in an increase of other subunits (Figure 1a) . Lastly, we also detected complexes that appeared to correspond to a SUFB-SUFD heterodimer and a SUFC 2 homodimer (Figure 1b) . Taken together, we conclude that SUFB, SUFC and SUFD subunits form a complex with a 1:2:1 stoichiometry in planta.
At the present time, it is not clear whether a SUFB-SUFD heterodimer exists in vivo. It is possible that this complex and the SUFC 2 homodimer formed by dissociation of the SUFBC 2 D complex during sample preparation or electrophoresis. Previous studies with E. coil suggested that SUFB and SUFD are prone to heterodimerize, forming relatively stable species; whereas SUFC is monomeric in solution (Badger et al., 2005; Petrovic et al., 2008; Wollers et al., 2010) . The crystal structure of the E. coli SUFC 2 -D 2 complex revealed a transient association of two SUFC molecules, which enables structural changes of the overall complex during catalysis (Wada et al., 2009) . It is possible that plant the SUFB-SUFD heterodimer and the SUFC homodimer are formed in vivo.
Based on the interdependent accumulation of SUFB, SUFC and SUFD proteins (Figure 4b) , and the demonstration that SUFB overexpression results in a concomitant increase in both SUFD and SUFC ( Figure 1a) ; we hypothesize that accumulation of SUFB is key for the stabilization of the SUFBC 2 D complex. In contrast, SUFC overexpression resulted in excessive accumulation of SUFC, which was not well correlated to the levels of SUFB and SUFD (Figure 1a) . The hypothesis that SUFB plays a role in the stabilization of the SUFBC 2 D complex is consistent with observations that expression of the SUFB gene appears to be more responsive to changing environmental conditions, such as iron concentration, as compared to SUFC and SUFD (Xu and Møller, 2004) . It is tempting to hypothesize that plants control the levels of the SUFBC 2 D complex by regulating expression of the SUFB gene.
The effects of the silencing of SUFB, SUFD and SUFC are similar to previously reported results with SUFS-silenced plants (Van Hoewyk et al., 2007) . In this study, a wide range of plastidic Fe-S proteins were affected, including PsaA/B, PsaC, ferredoxin, and Rieske protein, whereas other non-Fe-S proteins were much less affected. These results are consistent with the current model in which SUFS and SUFBC 2 D function in the same Fe-S cluster biosynthesis pathway (Roschzttardtz et al., 2013; Balk and Schaedler, 2014) . In this model, it is suggested that the plastid SUFS and SUFE form a cysteine desulfurase and SUFB, SUFD and SUFC form a scaffold.
In this study, an impairment of chlorophyll synthesis in the SUFB-, SUFD-and SUFC-silenced leaves was most noticeable. It is shown that chlorophyll synthesis controls the accumulation of LHC . In an accompanying paper (Hu et al., 2016) , we report that an intermediate step of chlorophyll synthesis, which is the formation of 3 0 ,8'-divinyl-protochlorophyllide, is impaired in the SUFB-, SUFD-and SUFC-silenced leaves. It is likely that impairment of this step accounts for decreased chlorophyll and LHC levels. It is also possible that multiple steps of chlorophyll synthesis are impaired in these plants, because several different steps of chlorophyll biosynthesis are dependent on ferredoxin and/or NADPH ; and the reduction of these molecules require the function of PSI. Similar to our observations with the SUFB-, SUFD-and SUFC-silenced plants, a decrease in the PSI and/or ferredoxin levels has been previously correlated with decreased chlorophyll levels, as well as a decrease in other photosynthetic proteins (Blanco et al., 2011; Liu et al., 2012) . A concomitant decrease of chlorophyll, PSI and other photosynthetic proteins led to an imbalance of PSI/PSII energy transfer and to a decrease in the maximum PSII yield (Figures 5c and 6 ). These results illustrate that SUFBC 2 D complex-dependent Fe-S cluster biosynthesis is essential for photosynthesis. In this study, a lack of either NFU2 or HCF101, or a decrease of either SUFB, SUFD or SUFC, resulted in the significant loss of the PsaA/B and PsaC proteins (Figure 7c) . These data indicate that each of these proteins function in the same pathway for Fe-S cluster biogenesis that is required for PSI construction. If they operated in parallel independent pathways, we would expect to see greater redundancy between the two, which was not the case for these proteins. At the same time, it is important to note that the lack of HCF101 or NFU2 did not completely suppress the accumulation of the PsaA/B subunit (Figure 7c) and that the function of HCF101 or NFU2 in PsaA/B accumulation can be partially compensated for by other protein(s). It is tempting to speculate that the loss of HCF101 is compensated by NFU2, and vice versa. Collectively, these results serve as experimental support for the current model of plastidic Fe-S cluster assembly Balk and Schaedler, 2014) in which SUFBC 2 D, NFU2 and HCF101 function in the same Fe-S biogenesis pathway. Under this scenario, SUFBC 2 D would function as a scaffold and NFU2 and HCF101 as carrier proteins that are specific for certain types of Fe-S proteins, such as the PSI subunits.
Decreased levels of SUFB, SUFC and SUFD resulted in the decrease of all types of Fe-S proteins tested in this study, including the PsaA/B and PsaC subunits of PSI, the Rieske subunit of the cytochrome b 6 f complex, ferredoxin, GOGAT, HCAR and PaO. These results indicate that SUFBC 2 D serves as the general scaffold machinery for Fe-S cluster biosynthesis in plastids, which is consistent with recent hypotheses Balk and Schaedler, 2014) . In summary, these findings serve as a foundation model to improve our understanding of Fe-S biogenesis in plastids in future studies.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Arabidopsis (Arabidopsis thaliana) ecotype Columbia (Col-0) was used as wild-type (WT) plant material throughout this study. Seeds for the T-DNA insertion mutant, nfu2.1, which is also known as atcnfU2-2 (SALK_039254C), and hcf101 (CS319596) were purchased from the Arabidopsis Biological Resource Center (ABRC) and were sown on soil or on half-strength Murashige and Skoog (½MS) medium containing 0.8% (w/v) agar and 1% (w/v) sucrose under sterile conditions. After treating in the dark at 4°C for 3 days, they were cultivated in a growth chamber with 70-90 lmol photons m À2 sec À1 fluorescent lights at 23°C under long-day conditions (16 h light/8 h dark).
Development of overexpression lines
Full-length complementary DNAs (cDNA) of SUFB and SUFC were cloned by PCR from WT Arabidopsis cDNA. The PCR products were verified and amplified again in order to add FLAG and HA sequences onto the C termini of SUFB and SUFC respectively. The final PCR products were subsequently cloned into the pENTR4 dual selection vector (ThermoFisher Scientific, Waltham, MA, USA) and the resulting entry clones were recombined with pEarleyGate100 vector (Wielopolska et al., 2005) with LR Clonase II (ThermoFisher Scientific) recombination reactions. After sequence verification, the constructs were introduced into Agrobacterium tumefaciens strain GV3101 and transformed into Arabidopsis using the floral dip method as previously described (Clough and Bent, 1998) . Twoweek-old primary transformant seedlings were selected with BASTA spraying and two independent lines were selected for each transgene. These selected lines were selfed and the resulting third generation plants were used for all further analyses.
Generation of inducible silencing lines
In order to generate the Arabidopsis SUFB, SUFD and SUFC silencing constructs, two 300-bp regions from the coding sequence of each gene were amplified by PCR. The primers used in plasmid construction and verification are listed in SI Table S1 . PCR products were cloned into the pOpOff2(kan) vector (Wielopolska et al., 2005) and transformed into Arabidopsis using the floral dip method as previously described (Clough and Bent, 1998) . More than 30 transformed lines were independently obtained for each transformation construct. Plants were selfed and several homozygous T3 generation plants were selected for each transgene for further analysis. 
Chlorophyll analysis
Chlorophyll was extracted from leaf tissue by homogenization with pre-cooled acetone (À30°C) (Hu et al., 2013) . Extracts were centrifuged for 5 min at 20 000 g at 4°C, and the resulting supernatant was analyzed by HPLC using a symmetry C8 column (150 mm in length, 4.6 mm in I.D.; Waters, Milford, MA, USA) according to the method of Zapata et al. (2000) . Pigments were identified by their retention times and spectral patterns and quantified using peak area.
Chlorophyll fluorescence measurements
Chlorophyll fluorescence was measured with a PAM-2000 portable fluorometer (Walz) at room temperature. 'Fv' denotes the difference in the maximum and minimum chlorophyll fluorescence and 'Fm' denotes the maximum chlorophyll fluorescence from PSII (See Kalaji et al., 2014) . Maximal quantum yield of PSII (Fv/Fm) was measured after the plants were dark adapted for 30 min. Low temperature chlorophyll fluorescence measurements were performed at 77 K with an excitation wavelength at 435 nm using a fluorescence spectrophotometer (F-2500, Hitachi High-Technologies, Tokyo, Japan).
BN-PAGE and second-dimension SDS-PAGE
Thylakoid membrane rich samples were isolated from leaves according to the method of Takahashi et al. (2014) . Leaves were homogenized by mortar and pestle in grinding buffer containing 0.45 M sorbitol, 20 mM Tricine/KOH (pH 8.4), 10 mM EDTA, 10 mM NaHCO 3 and 0.1% (w/v) bovine serum albumin. The homogenate was filtered through two layers of Miracloth (Merck) and then centrifuged for 5 min at 3000 g at 4°C. The pellet was washed twice with buffer containing 0.3 M sorbitol, 20 mM Tricine/KOH (pH 7.6), 5 mM MgCl 2 and 2.5 mM EDTA. The green pellet was then suspended in solubilization buffer containing 50 mM imidazole-HCl (pH 7.0), 20% glycerol, 5 mM 6-aminocaproic acid and 1 mM EDTA and chlorophyll concentration was determined in 80% acetone according to Porra et al. (1989) . Samples for complex analysis were prepared according to the following procedure. Leaves were homogenized in solubilization buffer and centrifuged for 10 min at 20 000 9 g at 4°C. The supernatant was collected and mixed with an equal volume of 2% (w/v) a-dodecyl maltoside solution and proteins were then separated by 4-14% acrylamide gradient gels according to the method of Wittig et al. (2006) . For the second dimension of SDS-PAGE, the BN gel strips were soaked in an aqueous solution (containing 1% (w/v) SDS and 1% (v/v) 2-mercaptoethanol) for 1 h at room temperature and run on the second-dimension SDS-PAGE gel (14% polyacrylamide gel) using the Laemmli buffer system (Laemmli, 1970) .
SDS-PAGE and immunoblot analysis
Total protein was extracted from leaves using 10-volumes (v/w) of extraction buffer containing 50 mM Tris-HCl (pH 8.0), 12% (w/v) Suc, 2% (w/v) lithium lauryl sulfate, and 1.5% (w/v) dithiothreitol. Protein concentration was determined using an Rc-Dc protein assay kit (Bio-Rad, Hercules, CA, USA) with BSA (Sigma-Aldrich, St. Louis, MI, USA) as a standard. Chlorophyll concentration was determined in 80% acetone according to Porra et al. (1989) . Prior to SDS-PAGE separation, each sample was mixed with an equal volume of 2 9 urea buffer containing 10 mM Tris-HCl (pH = 8.0), 10% sucrose (w/v), 2% SDS (w/v), 1 mM EDTA, 4 mM dithiothreitol, bromophenol blue (BPB) and 10 M urea. Samples were electrophoresed on 14% polyacrylamide gels and electroblotted to PVDF membranes. Specific primary antibodies for SUFB, SUFC and SUFD proteins were produced in rabbits against recombinant Arabidopsis SUFB, SUFC and SUFD proteins that were expressed in E. coli. The anti-PsaA/PsaB (Tanaka et al., 1991) , anti-CP43 and anti-LHCII (Horie et al., 2009) , anti-HCAR (Meguro et al., 2011) , anti-PaO (Hirashima et al., 2009 ) and anti-NFU2 (Yabe et al., 2004) antisera have been previously described. The polyclonal antibodies for PsaC (AS10 939), CP47 (AS04 038), Lhca2 (AS01 006), ferredoxin (AS06 121) and HCF101 (AS06 163), were purchased from Agrisera. Anti-rabbit IgG linked to horseradish peroxidase (GE Healthcare, Chicago, IL, USA) was used as a secondary antibody. Horseradish peroxidase activity was detected using the ECL Plus western blotting detection system (GE Healthcare) according to the manufacturer's protocol.
Statistical analysis
Plants with or without Dex treatments were analyzed independently as explanatory valuables by generalized linear mixed-effects models (GLMMs). After confirming significance of GLMMs (P < 0.05), multiple pairwise comparison was made with the Tukey Contrasts Fit for each result by using the 'glht()' function of the 'multicomp' package (Hothorn et al., 2008) of R (ver. 3.2.2; R Core Team, 2015) , which allows simultaneous tests for mixed-effects models outputs.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Soluble protein extracts from WT leaves subjected to two-dimensional BN-PAGE/SDS-PAGE analysis followed by immunoblotting with anti-SUFB, anti-SUFD and anti-SUFC antisera. Figure S2 . Quantification of SUFB (a), SUFD (b) and SUFC (c) mRNA levels analyzed by RT-PCR analysis. Figure S3 . Phenotypes of SUFB-, SUFD-and SUFC-silenced plants. Figure S4 . Chlorophyll a and b contents (a) and chlorophyll a:b ratios (b) in developing leaves of WT and SUFB-, SUFD-and SUFCRNAi plants prior to Dex treatment. Plants were grown on soil for 4 weeks before harvesting for pigment analysis. Table S1 . Primers used for the construction of the plasmids for SUFB-, SUFD-or SUFC-RNAi silencing.
